Abstract Hypercalciuria is the most common metabolic abnormality found in patients with calcium-containing kidney stones. Patients with hypercalciuria often excrete more calcium than they absorb, indicating a net loss of total-body calcium. The source of this additional urinary calcium is almost certainly the skeleton, the largest repository of calcium in the body. Hypercalciuric stone formers exhibit decreased bone mineral density (BMD), which is correlated with the increase in urine calcium excretion. The decreased BMD also correlates with an increase in markers of bone turnover as well as increased fractures. In humans, it is difficult to determine the cause of the decreased BMD in hypercalciuric stone formers. To study the effect of hypercalciuria on bone, we utilized our genetic hypercalciuric stone-forming (GHS) rats, which were developed through successive inbreeding of the most hypercalciuric Sprague-Dawley rats. GHS rats excrete significantly more urinary calcium than similarly fed controls, and all the GHS rats form kidney stones while control rats do not. The hypercalciuria is due to a systemic dysregulation of calcium homeostasis, with increased intestinal calcium absorption, enhanced bone mineral resorption, and decreased renal tubule calcium reabsorption associated with an increase in vitamin D receptors in all these target tissues. We recently found that GHS rats fed an ample calcium diet have reduced BMD and that their bones are more fracture-prone, indicating an intrinsic disorder of bone not secondary to diet. Using this model, we should better understand the pathogenesis of hypercalciuria and stone formation in humans to ultimately improve the bone health of patients with kidney stones.
Bone Resorption in Hypercalciuric Stone Formers
The majority of humans with calcium (Ca)-containing kidney stones are hypercalciuric compared to those who do not form stones [1] [2] [3] . Hypercalciuria increases urine supersaturation with respect to the solid phases of Ca hydrogen phosphate and Ca oxalate, enhancing the probability of nucleation and growth of crystals into clinically significant kidney stones [4] . Patients with hypercalciuria often excrete more calcium than they absorb, reflecting a net loss of total-body Ca [2, 5, 6] . A low-calcium diet often leads to greater net Ca excretion than any increase in Ca absorption in hypercalciuric patients and renal stone formers, suggesting that the source of this additional urinary (U) Ca is almost certainly the skeleton, the largest repository of body Ca [7] . Patients with fasting hypercalciuria have a marked reduction in spinal bone density [8] , and Pietschmann et al. [9] found lower spinal BMD in hypercalciuric compared to normocalciuric patients. However, the bone pathology observed in patients with idiopathic hypercalciuria is not well defined.
Bone mineral density (BMD) is correlated inversely with UCa excretion in both male [10] and female [11] stone formers but not in non-stone formers [7] . A number of studies using a variety of methods, including radiologic densitometry, quantitative computed tomography (CT), dual-energy X-ray absorptiometry, and single-photon absorptiometry, confirm that patients with nephrolithiasis have a reduction, generally mild, in BMD compared to matched controls [5, 9, [12] [13] [14] [15] [16] .
Jaeger et al. [12] found that stone formers were slightly shorter and had a significantly lower BMD at the tibial diaphysis and the tibial epiphysis compared to controls. Giannini et al. [13] found that 49 recurrent stone formers with idiopathic hypercalciuria had a lower lumbar spine Z score than normal controls. Misael da Silva et al. [14] examined bone formation and resorption parameters in 40 stone formers and classified 10 as osteopenic. Tasca et al. [15] found a more negative Z score in L1-L2 vertebrae in hypercalciuric patients than in controls. After adjusting for a large number of variables, an analysis of the Third National Health and Nutrition Examination Survey (NHANES III) demonstrated that men with a history of kidney stones have a lower femoral neck BMD than those without a history of stone formation [17] . Analysis of a large cohort of older men again demonstrated an association between kidney stones and decreased BMD of the femoral neck [18] . Thus, decreased bone density has been found in both vertebrae and long bones of hypercalciuric stone formers compared to normal patients; however, it is not clear whether either of these bone types is more predominantly affected than the other.
Idiopathic hypercalciuria has been associated with markers of increased bone turnover, which may provide an explanation for the decreased BMD [16, 19] . Urinary hydroxyproline is increased in unselected patients with idiopathic hypercalciuria [16] , and serum osteocalcin levels are elevated in stone formers who have a defect in renal tubule Ca reabsorption but not in those with only excessive intestinal Ca absorption [19] . Bone turnover studies with 47 Ca demonstrated increased bone formation and resorption, with the latter predominating [20] . Cytokines known to increase bone resorption have also been shown to be elevated in patients with idiopathic hypercalciuria [8, 14, 21, 22] . Pacifici et al. [8] showed that the cytokine interleukin 1 (IL-1) is elevated in the monocytes of patients with fasting hypercalciuria but not in those with excessive intestinal Ca absorption. Weisinger et al. [21] confirmed the elevation in IL-1 and demonstrated that IL-6 and tumor necrosis factor a (TNF-a) were elevated. Similar observations have been made by others [14, 22] . In a few studies where bone biopsies were examined, a picture compatible with low bone formation and turnover has been most consistently observed [16, 23] . A retrospective study of idiopathic hypercalciuric male stone formers found the only biologic factor associated with the low BMD in these patients was a fasting hypercalciuria on a 2-day Carestricted diet [24] . This suggested a parathyroid-independent pathologic process resulting in bone Ca efflux that might be exploited as a tool to identify hypercalciuric patients at risk for decreased BMD.
Based on the observed changes in BMD and bone turnover in patients with nephrolithiasis, it is perhaps not surprising that they have a fracture rate that is higher than that of subjects without nephrolithiasis [16] . In the NHANES III there was an increased risk of wrist and spine fractures in stone formers [17] , and in a retrospective analysis stone formers had an increased incidence of vertebral fractures but not fractures at other sites [16] . The change in fracture rate occurs over a much longer time frame than changes in BMD. As the decreased BMD manifests itself much sooner than increased fracture rate, there has been more focus on the decreased BMD associated with hypercalciuria and nephrolithiasis to try to understand the underlying mechanisms of the changes in bone that occur as a result of the hypercalciuria. The reduction in BMD associated with idiopathic hypercalciuria in humans could be caused by a primary disorder of bone formation and/or resorption. Alternatively, the decrease in BMD could be due to differences between stone formers and normal controls in renal handling of dietary constituents such as Ca, sodium, and/or protein, perhaps over a lifetime. Each of these substances influences urinary Ca excretion [25] and potentially BMD or bone structure. In humans it is virtually impossible to experimentally determine the primary causative factors leading to the observed decline in BMD.
Hypercalciuric Rats as a Model for Human Idiopathic Hypercalciuria
To help understand the mechanism of idiopathic hypercalciuria in humans, we developed an animal model of this disorder in which dietary and environmental factors can be readily controlled over a lifetime [26] . Through over 90 generations of successive inbreeding of the most hypercalciuric progeny of the most hypercalciuric male and female of an initial large group of Sprague-Dawley (SD) rats, we established a strain of rats that now consistently excretes *8-10 times as much urinary Ca as comparably fed SD controls (Table 1 ; Fig. 1 ). As these hypercalciuric rats form kidney stones on a normal diet [26] , they have been termed ''genetic hypercalciuric stone-forming'' (GHS) rats. Compared to SD, the GHS rats have a normal serum Ca but absorb far more dietary Ca [26] , similar to observations in humans [1] . The increase in intestinal Ca absorption is due to a significant increase in the mucosal to serosal (absorptive) Ca flux, with no change in the serosal to mucosal (secretory) flux [27] . When hypercalciuric rats are fed a diet essentially devoid of Ca, UCa excretion remains significantly elevated compared with that of similarly fed SD rats [28] , indicating there is also a defect in renal tubule Ca reabsorption or an increase in bone resorption, or both, again similar to observations in humans [29, 30] .
To determine whether there is a primary defect in bone homeostasis, we fed adult GHS rats a low-Ca diet and found that they were in negative Ca balance. The concomitant administration of a bisphosphonate, which significantly inhibits bone resorption, significantly reduces urinary Ca excretion, indicating that bone is the source of this additional urinary Ca (Fig. 2) [31] . We then cultured bone from neonatal GHS rats and SD neonates. In vitro there is no difference in baseline or PTH-stimulated bone resorption between neonatal rat calvariae from the GHS rats compared to the parental SD rats [32] . However, there is enhanced net Ca efflux from cultured GHS rat calvariae in response to increasing amounts of 1,25(OH) 2 D 3 in comparison to calvariae from SD rats. The increased Ca efflux in response to 1,25(OH) 2 D 3 in the GHS rat bones could reflect a decrease in osteoblastic bone formation, an increase in osteoclastic bone resorption, or a combination of the two. These findings indicate a defect in bone mineral Ca efflux in addition to the increase in intestinal absorption of Ca.
To determine if the hypercalciuria was also secondary to an inherent defect in renal tubular Ca reabsorption, we performed clearance studies. We found that the fractional excretion of Ca is significantly higher in parathyroidectomized GHS rats compared to SD rats [33] . The increased excretion is not diminished on a low-Ca diet. The effect of the diuretic chlorothiazide is greater, and that of furosemide is smaller, in the GHS compared with SD rats, suggesting that the defect in renal Ca handling might be at the level of the thick ascending limb. These results indicate an additional primary defect in renal Ca reabsorption.
Thus, hypercalciuric rats have a systemic dysregulation in Ca homeostasis: they absorb more intestinal Ca, they resorb more bone, and they do not adequately reabsorb filtered Ca (Fig. 3) . We have found that in the principal Ca transporting tissues-bone, kidney, and intestine-these hypercalciuric rats have an increased number of vitamin D receptors (VDRs) and Ca-sensing receptors (CaRs) [34] [35] [36] [37] . This can account for the increased responsiveness we found for neonatal GHS calvariae to 1,25(OH) 2 D 3 [32] . The transcription factor Snail decreases VDR [38] , and importantly, we have recently reported that levels of Snail are lower in GHS rats [36] , suggesting a potential underlying mechanism(s) for the hypercalciuria. In at least one human study, circulating monocytes from patients with idiopathic hypercalciuria were shown to have an increased Vitamin D receptor Increased number [39] or no increase [83] Increased number [37, 74, 89] Gene polymorphisms [84] [85] [86] [87] [88] Ca receptor Changes in number not reported; activating and inactivating mutations associated with hyper-and hypo-calciuria, respectively [90, 91] ; gene polymorphisms [92, 93] Increased number [34] ; treatment with cinacalcet activates the receptor, associated with increased UCa in SD, but not GHS, rats [72] Stone formation Consequence of hypercalciuria [1, 6, 73, 94] Present [26, 40, 41, 45] Fig. 1 Progression of hypercalciuria in GHS rats. Through successive inbreeding of the most hypercalciuric progeny of SD rats, we have established a strain of genetic hypercalciuric, stone-forming (GHS) rats that all excrete *8-10 times as much urinary Ca as the parental strain. All data are from published studies [26, 36, 46, 57, 69] number of VDRs [39] ; however, we do not know if hypercalciuric humans have altered levels of Snail. After eating standard rat chow (1.2 % Ca) for 18 weeks, virtually all of the GHS rats formed kidney stones, while there is no evidence for stone formation in comparably fed SD rats [26, 40] . The stones contain only Ca and phosphate (P), without oxalate (Ox), and by X-ray diffraction the stones are exclusively poorly crystalline apatite [40] [41] [42] . Calcium phosphate is the initial solid phase found in patients with calcium oxalate stone disease [43, 44] . When fed additional hydroxyproline, an amino acid which is metabolized to Ox, these rats form CaOx kidney stones, the most common kidney stones formed by humans [45] . The pathophysiology responsible for the hypercalciuria parallels that found in hypercalciuric humans and is thus an excellent model for understanding the mechanism of the hypercalciuria (Table 1) .
GHS Rat Bone
As observed in human hypercalciuric patients, BMD and bone strength in GHS rats are reduced even when they are fed a diet with ample Ca (Fig. 4) [46] . GHS rats have a reduction in cortical (humerus) and trabecular (L1-L5) vertebrae BMD and a decrease in trabecular volume and thickness. GHS rats do not have a change in vertebral strength (failure stress), ductility (failure strain), stiffness (modulus), or toughness, whereas in the humerus there is reduced ductility and toughness and an increase in modulus, indicating that the defect in mechanical properties is mainly manifested in cortical, rather than trabecular, bone. In the GHS rat the cortical bone is more mineralized than the trabecular bone. Thus, the GHS rats, fed an ample Ca diet, have reduced BMD with reduced trabecular volume, mineralized volume, and thickness, as well as bones that are more brittle and fracture-prone, indicating that GHS rats have an underlying defect of bone not related to a deficiency in dietary Ca.
Thiazide diuretic agents such as chlorthalidone (CTD) reduce urinary Ca excretion in normals [47] , patients with hypercalciuria [48] , and rats [49] . These drugs act by stimulating Ca reabsorption in the distal convoluted tubule [47] and by producing extracellular fluid volume depletion [50] . Thiazide diuretics are used to treat CaOx stone formers [1, 2] ; a meta-analysis revealed that in studies of more than 2 years' duration, there was a significant reduction in stone recurrence rate [51] . A number of studies have shown that when thiazides are used to treat hypertension [52] there is also a reduction of osteoporotic fractures [53, 54] and often an increase in BMD [55] . There are very few studies of the effect of other agents used to treat hypercalciuria or stone formation on BMD, although one long-term study of potassium citrate therapy in idiopathic calcium stone formers did find a longitudinal increase in forearm BMD after 2 years of therapy [56] . Fig. 2 Effect of the bisphosphonate alendronate on urinary Ca excretion. Urinary Ca was measured from SD and GHS rats initially on a normal-Ca diet (NCD) for 1 week. These rats were then switched to a low-Ca diet (LCD). After an additional week on LCD, half of each group was also given alendronate (Aln) and UCa was measured. and GHS (solid bars) rat femora and vertebrae fed a normal 1.2 % Ca diet. Groups of eight female rats, initially weighing 140 g, were kept on the diet for 6 weeks. Results are means ± SE. *p \ 0.05 vs. SD [46] We used GHS rats to test the hypothesis that CTD would have a favorable effect on BMD and bone quality. GHS rats were fed an ample Ca diet, and half were also fed CTD [57] . As expected, CTD reduced UCa in GHS rats [49, 58] . In the axial and appendicular skeleton an increase in trabecular mineralization is observed with CTD compared to controls [57] . CTD also improved the architecture of trabecular bone. By lCT analysis, trabecular bone volume (BV/TV), trabecular thickness, and trabecular number are increased with CTD. A significant increase in trabecular thickness with CTD was confirmed by static histomorphometry. CTD also improves the connectivity of trabecular bone. Significant improvements in vertebral strength and stiffness were measured by vertebral compression. Conversely, a slight loss of bending strength is detected in the femoral diaphysis with CTD. These results obtained in hypercalciuric rats suggest that CTD can favorably influence vertebral fracture risk. Further studies will be necessary to more precisely define the mechanism of the decrease in BMD associated with the hypercalciuria in the GHS rat.
Several studies have examined the effect of thiazides on bone cells in vitro. Hydrochlorothiazide was found to inhibit bone resorption by isolated rat osteoclasts at relatively high concentrations [59] . Thiazides were also shown to decrease bone resorption in organ cultures, possibly by inhibition of osteoclast differentiation of hematopoietic precursors [60] . Alternatively, thiazides may directly act on osteoblasts to inhibit the sodium-chloride cotransporter [61] , although these drugs continued to inhibit pit formation in cocultures of osteoblasts and marrow cells from mice lacking this cotransporter [60] . Thiazides have also been found to selectively inhibit osteocalcin and M-CSF from human osteoblastic cells [62, 63] and may stimulate osteoblast differentiation [64] , effects which could directly promote bone formation while blocking bone resorption. The mechanism by which CTD increases BMD in the GHS rat has not yet been studied.
Future Challenges
The prevalence of kidney stone disease has increased in the past few decades [65] . Hypercalciuria leading to nephrolithiasis is a systemic disorder of calcium homeostasis and is associated with bone disease leading to fractures, as well as chronic kidney disease, increased risk of coronary artery disease, hypertension, and other metabolic disorders [66] .
A primary end point for successful metabolic treatment of patients with Ca-containing kidney stones is a decrease in the rate of stone recurrence [1] [2] [3] . As discussed above, stone formers have both a reduction in BMD [5, 9, [12] [13] [14] [15] [16] [17] 67] and an increase in fracture rate compared to non-stone formers [16, 17] . While decreasing recurrent stone formation is an important goal, what should concern clinicians equally is maintaining and improving the patient's BMD and bone quality [67] . While acute stone episodes often are resolved quickly, patients may live the remainder of their lives in pain and with reduced function due to the osseous complications related to fractures [68] . We are utilizing the GHS rats not only to better understand the pathogenesis of hypercalciuria and stone formation but to study their bones as well. With the knowledge gained from this important model, which closely mirrors the physiology of hypercalciuria and stone formation in humans, we will be better able to understand and treat the bone disorders in hypercalciuric stone formers and ultimately reduce fractures.
